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1 . SUMMARY 

The overall objective of this program is to define the effects 
of impurities, various thermochemical processes, and any impurity- 
process interactions on the performance of terrestrial silicon solar 
cells. The results of the study form a basis for silicon producers, 
wafer manufacturers, and cell fabricators to develop appropriate cost- 
benefit relationships for the use of less pure, less costly Solar Grade 
silicon. 

We have performed the first reported determinations of the 
segregation coefficients of tungsten, tantalum, and cobalt for the 
Czochralski pulling of silicon single crystals. Sensitive neutron 
activation analysis was used to determine the metal impurity content of 
the silicon (Cg) while atomic absorption was used to measure the metal 
content of the residual liquid (C^^) from which the doped crystals were 
grown. The effective segregation coefficients computed from the re- 
lation = Cs/Cl were k^ = 1.7xl0~®, k.^.^ * 2.1x10"® and k^,^ * IxlO'®. 

The previously reported value kj^^ * 4.5x10”® was also confirmed. 

Gettering of Ti-doped silicon wafers improves cell performance 
by 1 to 2% (absolute) for the highest temperatures and longest times. 

HCi is more effective than P0C£g treatments for deactivating Ti but 
POCtg and HCt produce essentially identical results for Mo or Fe. De- 
tailed analysis by deep level transient spectroscopy (DLTS) indicates 
that the performance improvement is due to a reduction in the number of 
active recombination centers not to a change in the recombination 
energy level. The reduction in trap center density is not uniform 
through a silicon ifer, but is lowest near the phosphorus -rich junction 
region then increases with distance into the wafer eventually becoming 
constant at a value equal to that in the bulk material before the gettering 
operation. 
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The measured profile for Ti centers formed after an 850*C 

gettering operation was fitted by a mathematical expression for the 

out -diffusion of an impurity species. From the fit of the data we 

-11 2 

calculated a diffusion constant 1.27x10 cm /sec, a value close 

to that extrapolated from high temperature data in the literature. 
Gettering data for Mo imply that this impurity diffuses much more slowly 
in silicon than does Ti. 

By means of cell performance data and the newly-measured 
segregation coefficients we have computed curves to predict the variation 
in cell efficiency with impurity concentration for Mo, Ta, W, Nb and Co, 
materials commonly employed in the construction of high tonperature 
silicon processing equipment. Co behaves much like Mn and Fe producing 
only modest performance degradation. In contrast Mo, Ta, W and Nb all 
degrade cell performance severely. 

Using data for second and third generation n-base ingots we 
updated the cell performance curves for single impurities in n-type 
silicon. Most impurities degrade n-base cells less than p-base devices. 
The effect is largest for Mo, Al, Mn, Ti and V while Fe and Cr behave 
much the same in both types of solar cells. In contrast Ni and Cu both 
degrade n-base devices (apparently by a junction mechanism) more severely 
than p-base cells. 
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2 . INTRODUCTION 

This is the 15th quarterly report describing activities 
conducted under JPL Contract 954331. Phase III of this program is 
entitled "An Investigation of the Effects of Impurities and Processing 
on Silicon Solar Cells." 

The objective of this program is to determine how thermal processes, 
impurities, and impurity-process interactions affect the properties of 
silicon and the performance of terrestrial solar cells made from silicon. 

The development of this data base permits the definition of the tolerable 
impurity levels in a low-cost Solar Grade Silicon. In addition, the data 
provide the silicon manufacturer with a means to select materials of 
construction which minimize product contamination and permit the cost- 
effective selection of chemical processes for silicon purification. For 
the silicon ingot, sheet, or ribbon manufacturer, the information indicates 
what silicon feedstock purity must be selected to produce wafers suitable 
for cell production and what furnace materials minimize wafer contamination. 
The cell manufacturer may use the impurity-cell performance relationships 
to define an acceptable wafer purity for cell fabrication and the heat 
treatment data to identify processes which minimize impurity impact on 
efficiency. In short, the impurity data provide a basis for cost- 
benefit analysis to the producers and users of Solar Grade Silicon. 

The Phase III effort encompasses five major topics, several of 
which represent new directions for our work: (1) examination of the 
interaction of impurities with processing treatments, (2) generation of 
a data base and modeling of impurity effects in n-base solar cells, (3) 
extension of previous p-base studies to include impurities likely to be 
introduced during silicon production, refining or crystal growth, (4) 
a consideration of the potential impact of anisotropic (nonuniform) 
impurity distribution in large Czochralski and ribbon solar cells and, 
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(5) a preliminary investigation of the permanence of impurity effects in 
silicon solar cells. 

During this past quarter experimental activity proceeded in 
each of the five task areas: (1) The effect of HCt high temperature 
treatment on the electrical activity of Ti, Mo and Fe was determined; 
detailed analysis of gettering mechanisms was performed and modeling of 
the impurity behavior was initiated, (2) solar cells on n-base material 
were fabricated and tested and model coefficiencts for the impurity- 
performance relations were derived, (3) further data describing the 
effects of Ta, W, Nb, and Co on solar cell performance were gathered and 
analyzed, (4) 7.6 cm diameter ingots doped with Fe and Cu and 3 to 4 cm 
wide silicon webs doped with Ti and V were grown to evaluate the effects 
of potential non-uniform impurity distributions and (5) aging treatments 
on Ti and Mo doped cells were ext.nded to 900“C; aging studies of Cr-doped 
ingots were initiated. 

The highlights of these studies are described in the following 
sections of the report. 



3. TECHNICAL RESULTS 

3. 1 Growth and Evaluation of Silicon Ingots 

Major objectives of this activity have been to provide ingots 
purposely contaminated with controlled additions of metal impurities for 
subsequent electrical and solar cell evaluation and also to assess the 
effects of impurities on ingot microstructure. During this quarter, in 
addition to the preparation and analysis of the metal-doped Czochralski 
ingots, we have also made the first direct measurements reported for W 
and Ta segregation coefficients, updated segregation data for Mo and Co 
and determined the critical Nb, Cr and Fe concentrations at which the 
loss of single crystal structure occurs. 

3.1.1 Segregation Coefficients of Transition Metals 

1 2 

As we have pointed out before, * conventional spark source 

mass spectrometry (SSMS) and neutron activation analytical (NAA) methods 

lack sufficient sensitivity to detect elements such as W, Ta, and Mo 

which, because of their relatively small segregation coefficients, are 

present only at low levels in silicon single crystals. Neverthe ess, these 

elements even at low concentrations have profound effects on solar cell 
1 2 

performance. ’ A fourth element, Co, can be detected by SSMS but the 
analysis of the data is hindered by the background from nearby silicon 
lines. Special techniques to extract the concentration data can be 
employed^ but this approach increases the uncertainty in the analytical 
result. For this reason ingots bearing these impurities were subjected 
to sensitive NAA at the Kraftwerk Union. ^ We give here a preliminary 
report of the data; a more detailed evaluation will follow. 

In Table 1 ere compiled the most current values we have derived 
for the segregation coefficients of impurity elements in silicon crystals 
produced by Czochralski pulling. With the exception of Mo, Ta, W, Co 
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and Mb, the data represent the weighted averages of many samples analyzed 

1 2 

by SSMS, conventional NAA and sensitive NAA. ’ In the case of Mo two 

analytical data points both from Kraftwerk Union (and in close agreement 

-8 

with each other) were used to derive the value k., =4.5x10 . For Ta and 

- 8 - 8 

W the values k.p^=2.1xl0 and kj^=1.7xl0” are each calculated on the 
basis of one analytical neasurement by sensitive NAA. The similarities 
in magnitude for the .«segregation coefficients of Mo, Ta, and W might be 
expected on the basis of the proximity o the elements in the Periodic 
Table, a fact which gives further credibility to the analytical result. 

Previously we had derived a value of 3.7xl0'^ for the segregation 
coefficient of Co in silicon. The result was somewhat compromised by 
the high silicon background on the SSMS plate. ^ Sensitive NAA places 
the Co segregation coefficient at IxlO”^ as listed in Table 1. We 
adopted the latter result, based on our judgement of the relative 
uncertainties in the SSMS and NM values. Moreover, the new value for 
Co is more consistent with the segregation coefficients of Mn, Fe, and 
Ni to which Co is chemically similar. 

Finally, we have estimated a value of about lO'^ for Nb based 

primarily on its position relative to Ta and V, its neighbors in the 

Periodic Table. (We have not yet been able to detect Nb by SSMS in even 

the most heavily doped ingot, W-167. This places an upper limit of 
14 -3 

1.5x10 cm on the ingot concentration. We plan to attempt a slower 
growth •^••te to increase the Nb concentration without causing ingot 
structure breakdown) . 

3.1.2 Ingot Structural Breakdown Via Constitutional Supercooling 

We continue to compile data relating ingot structure to the 
contamination level of the silicon feedstock from which the ingot is 
grown. This information will be used in a detailed assessment of the 
cost-benefit tradeoff for solar grades of silicon (see, e.g. Reference 1). 
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Table 1'. Segregation Coefficients 


Element 


Segregation Coefficient 


A1 

B 

C 

Ca 

Cu 

Cr 

Pe 

Mg 

Nn 

Ho 

Ni 

Ph 

Ta 

Ti 

V 

Zn 

Zr 

Co 

W 

Nb 


3 X 10 ~^ ( 2.8 X 10 “^) 
0.8 
0.05 


? 

8.0 X 10 "^ 

1.1 X 10 “^ 

6.4 X 10 ~^ 

3.2 X 10 “^ 

1.3 X 10 “^ 

4.5 X 10 “® 
3.2 X 10 “^ 


0.35 

2.1 X 10"® 

2.0 X 10"^ 

4 X 10 “^ 
10-5 

<1.6 X 10~® 

1.0 X 10~5 
1.7 X 10 ~® 

-7 

10 
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It is well established that when the liquid impurity 

•k 

concentration exceeds a critical value C. single crystal structure breaks 

I 2^ 

down via constitutional supercooling ’ to a cellular-polycrystalline 
morphology. Increasing the crystal pulling rate or the crystal diameter 
reduces at crtical concentration for the onset of structural degradation. 

In Figure 1 , we show curves describing the expected variation 

★ 

in with growth speed overlaid with measured data for ingots doped with 
Nb, Cr and Fe, respectively. As for other impurities we have studied > 
the transition to cellular structure occurs at impurity concentrations in 
the mid lO^^cm ^ range. Note the data point for Fe (ingot W-173) is 
for a 3.8 cm radius ingot and falls below the points for the 1.6 cm 
ingots bearing Nb and Cr. This would be expected due to the reduced 
thermal gradient in the larger size ingots. 

3.1.3 Ingot Preparation 

Sixteen ingots (W172 to W188, inclusive) were grown by Czochralski 

pulling during this quarter, using the same techniques and conditions 

1 2 

described in previous reports. ’ Six of these were second, third and 
fourth generation ingots doped with boron and either Co, Nb, Ta or W to 
assess the impact of materials of construction on solar cell performance. 

The rest of the ingots were designated for compensation studies, gettering 
and heat treating experiments and to complete our data base on impurity 
effects in n-base silicon solar cells. 

As in the past we have collected the analytical data for all 

ingots in Appendix 1. Listed there are the ingots, the target impurity 

concentrations, impurity concentrations based on melt analyses and 

2 4 

measured impurity concentrations (SSMS) . ’ Table 2 lists our best 
estimate of the impurity concentration in each of the ingots grown for the 
Phase III study. Note that these estimates have been revised to reflect 
the new values for the segregation coefficients of W, Co, and Ta. The 
estimated Nb concentrations are based on the assumption 
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Curve 7i:943-A 


cm/hr 


r =2cm 


5 10 15 30 


-4 2, 

D = 10 cm /sec 


r =4cm 


r =6 cm 


ANb(W-167) 

■ Cr(W-181) 

• Fe(W-173, 3.8 cm) 


Predicted variation of critical liquid impurity concentration 
for crystal breakdown with crystal growth velocity during 
Czochralski pulling of silicon. Data points represent impurity 
concentrations at which breakdown actually took place (curves 
assume heat loss to o®K environment, see Reference 2 ) 




Table 2 


Best Estimate of Impurity Concentrations 


Ingot Identification 

Best Estimate of 
Impurity Concentration 
(Xio'® atoms/cm ^) 

W-129-00-000 (7.6 cm) 

NA 

W-130-00-000 (7.6 cm) 

NA 

W-131-Mn-008 (7.6 cm) 

0.55 

W-132-Ta-003 

0.000042 

W-133-00-000 

NA 

W-134-Ti-009 

0.03 

W-135-Fe-005 

0-78 

W-136 -Fe-006 

0.24 

W-137-Ti-OlO 

0.21 

W-138-MO-005 

0.001 

W-139-MO-006 

0.0042 

W-140-Ti-001 (7.6 cm) 

0.18 

W-141-Mo/Cu-OOl 

0.004/4.00 

W*-14 2-00-000 

NA 

W*-143-Ti-002 

0.20 

W-144-Mo-OOl 

0.004 

W-145-W-001 

0.00085 

W-146-Co-OOl 

1.5 

W~147-N/Ni-002 

0,33 

W-148-N/Mn-002 

0.60 

W-149-N/Fe-003 

0.60 

W-150-N/V-003 

0.03 

W**-151-00-000 

NA 

W**-152-Ti-001 

0.21 

W-153-N/Ti-003 

0.013 
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Table 2 . Best Estimate of Impurity Concentrations (Continued) 


Inj^ot Identification 

W-15A-N/Cr-003 

W-155-N/Mc-OOl 

W-156-N/K3-002 

W-157-N/ii/V-OOl 

W-158 • N/Ti/V/Cr-001 

W-159-N/Cr/Mn/Ti/V-OOl 

W*-160-Ti 001 

W**-161-T -002 

W-162-Ni/ L'i-001 

W-lfc3-Ni/V-001 

W-16A-Ni/Mo-001 

W-165-CO-002 

W-166-Fe-007 

W-167-rn>-001 

W*-l68-Ph-002 

W*-169-Ph-OOA 

W-170-I 1-005 

W-171-W-002 

W-172-CU-006 (7.6 cm) 

W-173-Fe-008 (7.6 cm) 

W-17A-Ta-00A 

W-175-W-003 

W-176-00-00«J 

W-177-N/Cr/Mn-OOl 

W-178-N/Mn/Ti-OOl 

W*-l79-Ph-006 

W*-l80-Ti-0f 

W-181-Cr-u06 

W-182- .-007 

W-18J-Nb-002 


Best Estimate of 
Impurity Concentrations 
(X IQlS atoms/cm3) 

0.50 

0.001 

O.OOA 

0.08/0.12 

0.05/0.05/0.55 

0.35/0.32/0.02/0.02 

0.17 

0.03 

1.21/0.16 

l.O/O.AA 

1.23/O.OOA 

0.3 

1.06 

0 . 01 ++ 

IlOf 

136+ 

15(H- 

0.0015 

2A 

0.51 

- 0.0008A 

0.00027 
NA 

1.20/1.26 

0.86/0.08 

NA 

0.13 

l.OA 

0.A5 

0.0024+ 
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Table 2. Best Estimate of Impurity Concentrations (Continued) 


Ingot Identification 

W-184-Pd-OOl 
W-185-Cu/Ti-004 
W-186-CO-003 
W-187 -Co-004 


Best Estimate of 
Impurity Concentrations 

(X 10^^ atoms/cm'* ** ) 

Processing 

Processing 

Processing 

Processing 


* Asterisk indicates low resistivity p-type ingot (<^ 1 ohm-cm) 

** 30 ohm-cm p-type ingot 
+ Value based on resistivity measurement 
++ Assumed k value near 1 x 10"^ 
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3.1.4 Ingot Eva l uation 

The resistivity and etch pit density for each ingot continue to 
fall close to the norms established in Phases I and II of this program. 

The resistivity and etch pit data for ingots W-129 through W-187 are 
listed in Table 3. 

The carbon and oxygen concentrations of each odd numbered ingot 

were measured by infrared absorption. The amplitude of the absorption 

peaks at 606 cm ^ and 1107 cm ^ is proportional to the carbon and oxygen 

concentrations, respectively. The constants of proportionality used in 

2 

these measurements were 2.2 for carbon and 9.6 for oxygen . We note that 
normal carbon and oxygen concentrations in Czochralski-grown material 
range from 2.5 to 50x10 atoms/cm^ for carbon, and from 5 to 150 x 10^^ 
atoms/cm^ for oxygen; no significant deviations from these values were 
observed in the ingots produced this quarter, viz. Table 4, 

3.2 Processing Studies 

Elevated temperature treatment of contaminated silicon wafers 

in an ambient bearing POCt^ or HC£ provides one way to electronically 

deactivate, or getter, the impurities after an ingot is grown. Thus we 

may improve the performance of solar cells fabricated from solar grades 

of silicon with an appropriate thermochemical process. We have carried 

out a series of experiments to delineate the time-temperature and chemical 

species response for a number of impurities which degrade cell performance. 

The improvements in cell performance for P0C£_ treatments were described 
3 ^ 

previously; recent results in which HCt was employed to effect gettering 
are discussed here. We also report some extensions to the POGl^ experiments; 
detailed examinations of these results by deep level transient spectroscopy 
(DLTS) , and model calculations of impurity gettering. 

3.2.1 Thermochemical Behavior of Impurities in Silicon 

3.2.1. 1 Impurity Gettering by High Temperature HCt Treatment 
Our first experiments with HCt as a gettering medium utilized 

3 

the same five impurity-doped ingots as in the POCt investigations; 
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Table 3 

Resistivity 

and Etch Pit 

Density 


of Phase III 

Ingots 



TGT 

Actual 

Etch"*" 

Ingot 

Resistivity 

Resistivity 

Pit Density 

Ident if icat ion 

(ohm-cm) 

(ohm-cm) 

( /cm2) 

W-129-00-000 (7.6 cm) 

4.0 (B) 

4. 7-3.0 

1 R-Gross Lineage 

W-130-00-000 (7.6 cm) 

4.0 (B) 

4. 7-3. 7 

OK-Gross Lineage 

W-131-Mn-008 (7.6 cm) 

4.0 (B) 

6. 0-3. 8 

OK-Gtoss Lineage 

W-13..-Ta-0u3 

4.0 (B) 

3. 8-3. 4 

1-20K 

W-133-OO-OO'J 

4.0 (B) 

4. 3-3. 7 

OK-Gross Lineage 

W-134-Ti-009 

4.0 (B) 

4. 9-4.4 

O-lOK 

W-135-Fe-OOS 

4.0 (B) 

5. 3-2.1 

0-Gross Lineage 

W-136-Fe-006 

4.0 (B) 

3. 3-2. 7 

IK-Gross Lineage 

W-137-Ti-OlO 

4.0 (B) 

4. 6-4.4 

0-Gross Lineage 

W-138-MO-005 

4.0 (B) 

5. 0-4.1 

0-5K 

W-139-MO-006 

4.0 (B) 

4. 0-2. 3 

0-Gross Lineage 

W-140-Ti-011 (7.6 cm) 

4.0 (B) 

3. 6-1. 7 

5K-Gross Lineage 

W-141-Mo/Cu-OOl 

4.0 (B) 

4. 7-3.0 

2K-Gross Lineage 

W*-142-00-000 

0.2 (B) 

0.22-0.20 

0-3K 

W*-143-Ti-002 

0.2 (B) 

0.21-0.15 

0-Gross Poly 

W*-144-Mo-001 

0.2 (B) 

0.23-0.19 

0-Gross Poly 

W-145-W-001 

4 (B) 

4. 5-4.0 

2K-Gross Poly 

W-146-Co-OOl 

4 (B) 

4. 7-4.2 

IK-Gross Poly 

W-147-N/Ni-002 

1.5 (P) 

1. 9-1.4 

2-15K 

W-148-N/Mn-002 

1.5 (P) 

2. 5-2.1 

IK-Gross Poly 

W-149-N/Fe-003 

1.5 (P) 

2.0-1. 6 

3K-Gross Poly 

W-150-N/V-003 

1.5 (P) 

2. 0-1. 5 

1-5K 

K- '-151-00-000 

30 (B) 

35.6-18.1 

0-5K 

W*'-152-Ti-001 

30 (B) 

31.9-25 

0-Gross Poly 

W-153-N/Ti-003 

1.5 (P) 

2. 1-1.1 

O-lOK 

W-154-N/Cr-003 

1.5 (P) 

2. 1-1.4 

3K-10K 

W 155-N/Mo-OOl 

1.5 (P) 

1.9-1. 8 

1-4K 

W-156-N/MO-002 

1.5 (P) 

1.7-1. 3 

3K-Gross Poly 

W-157-N/Ti/V-OOl 

1.5 (P) 

2. 0-1. 6 

1-lOK 

W-158-N/Ti/V/Cr-OOl 

1.5 (P) 

2. 1-1. 6 

IK-gross Lineage 

W-159-N/Cr/Mn/Ti/V-OOl 

1.5 (P) 

2. 0-1. 8 

1-2K 
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Table 3 Resistivity and Etch Pit Density 
of Phase III Ingots (Continued) 


Identification 

TGT 

Resistivity 

(olm-cm) 

Actual 
Resistivity 
(ohm -cm) 

Etch+ 

Pit Density 
( /OB^) 

W*-160-Ti-001 

1.0 (B) 

1. 3-1.0 

2-8K 

W**-161-Ti-002 

30 (B) 

31.8-21.7 

1-15K 

W-162-Ni/Ti-OOl 

4.0 (B) 

4. 5-4.0 

OK-Clusters 

W-163-Ni/V-OOl 

4.0 (B) 

4. 8-4. 4 

IK-Clusters 

W-164-Ni/Mo-OOl 

4.0 (B) 

4. 7-3. 2 

OK-Clusters 

W-165-CO-002 

4.0 (B) 

4. 5-3. 8 

0-5K 

W-166-Fe-007 

4.0 (B) 

4. 7-3.0 

OR-Gross Llnea 

W-167-Nb-OOl 

4.0 (B) 

4. 0-5. 7 

OK-Poly 

W*-168-Ph-002 

0.5 (B) 

0.41-0.50 

3-lOK 

W*-l69-Ph-004 

1.0 (B) 

0. 9-1.4 

OK 

W-170-Ph-005 

2.9 (B) 

1.1-2 

1-3K 

W-171-W-002 

4.0 (B) 

4. 3-4.1 

0-2K 

W-172-CU-006 (7.6 cm) 

4.0 (B) 

3. 4-2. 7 

O-lOK 

W-173-Fe-008 (7.6 cm) 

4.0 (B) 

5. 9-3. 6 

3K-Poly 

W-174-Ta-004 

4.0 (B) 

4. 3-3. 8 

OK-Twin 

W-175-W-003 

4.0 (B) 

4. 1-3. 3 

O-lOK 

W-1 76-00-000 

2.0 (P) 

2. 0-1. 3 

OK 

W-177-N/Cr/Mn-OOl 

2.0 (P) 

2. 2-1. 4 

OK-Poly 

W-178-N/Mn/Ti-OOl 

2.0 (P) 

2. 1-1. 7 

2K-Poly 

W*-179-Ph-006 

0.35 (B) 

0.3-0. 3 

0-2K 

W*-180-Ti-001 

0.5 (B) 

0.51-0.49 

2-5K 

W-181-Cr-006 

4.0 (B) 

5. 4-4.0 

OK Clusters 

W-182-Cr-007 

4.0 (B) 

■ 4. 2-3. 6 

0-4K 

W-183-Nb-002 

4.0 (B) 

3.6-2. 9 

0-5K 

W-184-Pd-OOl 

4.0 (B) 

4.2-3. 9 

0-4K 

W-185-Cu/Ti-004 

4.0 (B) 

4. 7-4. 6 

0-Poly 

W-186-CO-003 

4.0 (B) 

4. 1-3. 7 

0-2K 

W-187-CO-004 

4.0 (B) 

3. 8-2. 9 

Processing 


see key on next page 
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Table 3 Resistivity and Etch Pit Density 
of Phase III Ingots (Continued) 


* Low resistivity p-type ingot (O ohm-cm) 

** Use of double asterisk indicates 30 ohm'-cm p-type Ingot. 

+ The first figure Is etch pit density of the seed; second figure etch 
pit density of extreme tang end of ingot. The first value shown is 
indicative of dislocation density in slices used for cell fabrication. 
Structural degradation commonly occurs at the tang end of the most 
heavily-doped ingots due to constitutional supercooling. (1) 
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Table 4 Carbon and Oxygen Concentrations 


of Phase III Ingots 


Ingot Nuo&er 

Carbon Concentration 
X 10^® atoms/cn^ 

Oxygen Concentration 
X 10^® atoms /ca^ 

W-129-00-000 

11.3 

202 

W-131-Mn-008 

5.3 

164 

W-133-00-000 

10.4 

117 

W-135-Fe-005 

, 9.4 

118 

W-137-Ti-OlO 

5.3 

134 

W-139-MO-006 

6.5 

149 

W-141-Mo/Cu-OOl 

8.3 

156 

wilA3-Ti-002 

4+ 

+f 

W-145-W-001 

5.8 

149 

W-147-N/Ni-002 

14.0 

157 

W-149-N/Fe-003 

6.6 

151 

W*^151-00-000 (30n-cm) 

7.0 

154 

W-153-N/Ti-OOl 

7.5 

160 

W-155-N/Mo-OOl 

9.2 

183 

W-157-N/Ti/V-OOl 

5.7 

103 

W-159-N/Cr-Mn/Ti/V-OOl 

8.7 

183 

W**-l61-Ti-002 

6.0 

138 

W-163-Ni/V-OOl 

5.0 

128 

W-165-CO-002 

11.2 

106 

W-167-Nb-OOl 

6.0 

130 

W*-169-Ph-00A 

14 

96 

W-171-W-002 

10 . 

86 

W-173-Fe-008 

Incomplete 

Incomplete 

W-175-W-003 

10 

158 

W-177-N/Cr/Mn-OOl 

8 = 

150 

W*-179-Ph-006 

++ 

++ 

W-181-Cr-006 

8 

119 

W-183-Nb-002 

6 

35 

W-185-Cu/Ti-004 

5 

39 

W-187-Co/-004 

Processing 

Processing 


* low resistivity ingot 
** high resistivity ingot 

+ Due to free carrier absorption infrared methods cannot be used for 
carbon and oxygen determination in these samples. 
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W 134 Ti 009 
W 137 Ti 010 
W 138 Mo 005 
W 139 Mo 006 
W 136 Fe 006 

This approach facilitates comparison of the cell performance-gettering 
data from both types of experiments. 

3 

The experimental approach was similar to that employed before. 

We subjected impurity-doped and uncontaminated baseline (Ingot W097) 

wafers to various time/temperature cycles in the presence of a 1% HCI-O 2 

gas. After heat treatments, the wafers were cooled slowly to ambient 

temperature in order to preserve the bulk recombination lifetime. The 

gettered surface was etched from the wafers, and each was made into a 

1 2 

solar cell via our standard process.’ Testing the devices and analysis 
of the data completed the experiment. 

So far wafers from the five impurity- doped ingots have been 
subjected to four thermal treatments: 1 hour at 1000 **C and 1, 2 and 4 
hours, respectively at 1100*0. TTie experimental data for each ingot are 
compiled in Tables 5 to 9 respectively. The trends of the data are more 
easily visualized with the aid of Figures 2 and 3, in which the normalized 
solar cell efficiency, n/n baseline, is plotted as a function of gettering 
temperature and gettering time, respectively. 

It is clear that as gettering temperature (for a fixed time) is 

raised* cell performance improves. Figure 2. This is a result very similar 

3 

to the behavior observed when P0C)lj was the gettering ambient. We would 
also expect extending the gettering time at constant temperature to have 
a sim.lar effect. This is true if one considers the extreme times. 

Figure 3. However the curves dip at 2 hours. The downward curvature in 
this plot is yet to be explained and is inconsistent with earlier P0C£j 
experiments. Deep level spectroscopic and dark I-V measurements are 
underway in an effort to understand the apparent anomaly in isothermal 
data. 
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Curve 717070A 
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Figure 2 Normalized efficiency for Isochimal HCJi. Gettering (1 Hr) 



Curve 717068A 
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Figure 3 Nomalized Solar Cell Efficiency as a Function of Gettering Time in 
HC*. at 1100*C 








TABLE 5 

HC£ GETTERING OF TI -DOPED SILICON 


W134Ti009 Ingot 
W097000 Baseline 




> 

o 

o 

> 

FF 

n(%) 


1 HR § 1000*C 






Base 

21.55 

.552 

.733 

9.20 

4.0 

Ingot 

17.91 

.520 

.704 

6.94 

.5 

Ingot/Base 

.831 

.942 

.960 

.754 

.13 

1 HR § 1100*C 






Base 

21.40 

.543 

.683 

8.39 

2.1 

Ingot 

18.04 

.515 

.690 

6.77 

.4 

Ingot/Base 

.843 

.948 

1.01 

.807 

.19 


2 HRS. § 1100"C 

Base 

Ingot 

Ingot/Base 

22.10 

18.58 

.841 

.556 

.526 

.946 

.742 

.705 

.950 

9.63 

7.37 

.765 

5.0 

.5 

.10 

4 HRS. @ 1100'’C 






Base 

22.00 

.558 

.718 

9.33 

4.5 

Ingot 

18.97 

.533 

.719 

7.60 

.7 

Ingot/Base 

.86 

.955 

1.00 

.815 

.15 
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TABLE 6 


HCi GETTERING OF TI -DOPED SILICON 

W137Ti-0l0 Ingot 
N097000 Baseline 



I^eOnA) 


FF 

n 


1 HR. @ 1000"C 






Base 

22.23 

.553 

.691 

8.98 

3.97 

Ingot 

16.31 

.501 

.695 

6.00 

0.84 

Ingot/Base 

0.734 

.906 

1.01 

.668 

.211 

1 HR. @ 1100"C 






Base 

21.2 

.540 

.668 

8.09 

2.08 

Ingot 

16.3 

.498 

.689 

5.92 

.58 

Ingot/Base 

.769 

.922 

1.03 

.731 

.279 

2 HRS. @ 1100“C 






Base 

22.17 

.558 

.74 ' 

9.77 

4.46 

Ingot 

16.93 

.511 

.708 

6.47 

.60 

Ingot /Base 

.764 

.916 

.948 

.662 

.135 

4 HRS. @ 1100°C 






Base 

21.8 

.558 

.748 

9.61 

4.75 

Ingot 

17.28 

.515 

.700 

6.58 

.44 

Ingot/Base 

.793 

.923 

.936 

.685 

.093 
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TABLE 7 


HCil GETTERING OF MO-OOPED SILIC(W 
W138MO-005 Ingot 
W097000 Baseline 



Isc(»A) 

oc 

FF 

n 

\cd^vsec) 

1 HR § 1000*C 

Base 

21.30 

.548 

.735 

9.07 

3.25 

Ingot 

20.29 

.524 

.707 

7.95 

.95 

Ingot/Base 

.953 

.956 

.962 

.877 

.291 

1 HR # 1100®C 

Base 

21.50 

.546 

.693 

8.60 

3.06 

Ingot 

20.09 

.521 

.706 

7.83 

1.04 

Ingot/Base 

.934 

.954 

1.02 

.910 

.339 

2 HRS. 0 1100“C 

Base 

22.40 

.559 

.729 

9.65 

4.94 

Ingot 

20.37 

.528 

.719 

8.19 

.94 

Ingot/Base 

.909 

.949 

.986 

.849 

.192 


4 HRS. @ llOO^C 


Base 

21.70 

.554 

727 

9.24 

4.03 

Ingot 

20.24 

.528 

.707 

7.99 

.92 

Ingot/Base 

.933 

.953 

.972 

.862 

.2.^9 
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TABLE 8 


HCi GETTERING OF MO-DOPED SILICON 

N139MO-006 Ingot 
N097000 Baseline 



Isc^-A) 

V (V) 
oc'^ ' 

FF 

n 


1 HR § 1000”C 






Base 

21.60 

.550 

Jll 

9.04 

3.58 

Ingot 

18.09 

.501 

.666 

6.39 

.53 

Ingot/Base 

.838 

.911 

.922 

.707 

.149 

1 HR § 1100*C 






Base 

21.75 

.552 

.736 

9.33 

4.75 

Ingot 

18.56 

.506 

.706 

7.01 

.74 

Ingot/Base 

.853 

.917 

.959 

.751 

.156 

2 HRS. e 1100*C 






Base 

22.70 

.563 

.750 

10.14 

5.20 

Ingot 

18.65 

.508 

.700 

7.02 

.69 

Ingot /Base 

.822 

.902 

.933 

.692 

.153 

4 HRS. § llOO'C 






Base 

21.80 

.553 

.721 

9.19 

4.30 

Ingot 

18.21 

.508 

.672 

6.60 

.541 

Ingot/Base 

.836 

.919 

.932 

.718 

.126 
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TABLE ^ 


HCi GETTERING OF Pe-OOPED SILICON 
N136PE-006 Ingot 


tf097000 Baseline 



FF 

n 


1 HR e 1000‘C 





Base 

22.00 .550 

.751) 

9.20 

4.0 

Ingot 

21.95 .553 

.711 

9.12 

3.6 

Ingot/Base 

.998 1.01 

.974 

.991 

.90 


1 HR § 1100*C 


Base 

21.65 

.549 

.715 

8.97 

4.0 

Ingot 

21.65 

.549 

.726 

9.13 

3.4 

Ingot/Base 

1.00 

1.00 

1.01 

1.02 

.85 

2 HRS. e llOO'C 






Base 

22.0 

.556 

.746 

9.78 

4.5 

Ingot 

22.02 

.562 

.739 

9.66 

4.5 

Ingot/Base 

1.00 

1.01 

.978 

.988 

1.0 

4 HRS. @ 1100“C 






Base 

21.65 

.557 

.741 

9.46 

4.5 

Ingot 

21.50 

.558 

.738 

9.36 

3.5 

Ingot/Base 

.993 

1.00 

.996 

.989 

.778 
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The Bost significant aspect of the HCt gettering study becomes 
apparent when the HCt data and POCt^ data are compared as in Figure 4. 

At any given tenqperature the HCt treatment is considerably more effective 
in reducing the harmful effects of Ti than is POClj. On the average the 
HCt gettered Ti-bearing cells are a full 1% (absolute) awre efficient 
than cells subjected to POCt^ treatment. In contrast HCt and POCt^ 
treatments give similar results when either Mo or Fe are being gettered. 
Future studies will be aimed at identifying the reasons for the differences 
in impurity response and also extending the ranges of times and tempera- 
tures for HCt gettering. 

As part of the HCt study a complementary set of experiments was 
carried out to evaluate the combined effect of back surface damage and 
HCt treatment on cell performance. Previous data suggested that damage 
enhanced the effectiveness of HCt gettering. Thus* one half the wafers 
in each run were lapped on one side with SiC grit prior to thermal treatment. 
We found no significant difference in performance between cells made on 
the damaged and undamaged wafers. Thus the data in Tables 5 to 9 and 
Figures 2 to 4 are the averages for all cells in a group. 

3.2. 1.2 Extension of POCt^ Gettering Studies 

Earlier we showed that for POCt^ gettering, increasing the 
gettering time (constant temperature) or gettering temperature (fixed 
time) improved the performance of Ti and Fe doped solar cells; Mo-doped 
cells were only slightly affected. In these experiments the maximum 
temperature was 1100‘C and the longest duration 4 hours. 

To improve extrapolations of the data to wider temperature ranges 
we continued the POClj studies by treating Ti -doped wafers for 1 hour 
at 1200*C. Following the treatment normalized cell efficiency rose to 
0.58 from 0.51, the value for a 1 hour treatment at llOO^C. When the 
new data point is plotted on Figure2 of Reference 3 it falls on a smooth 
extension of the curve for ingot W1 37 Ti. Apparently the same gettering 
mechanism prevails over the interval from 850®C (cell diffusion) to 1200®C. 
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Figure 4 


aw a9s LO LOS 

.c-i 


Conparison of normalized efficiency for isochronal FOCt^ 
and HCt gettering (1 hour) 
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3.2.2 Detailed Analysis of POC&, Gettering by Deep Level Spectroscopy 
3.2.2. 1 Ti-doped Silicon 

In the last quarterly report we analyzed by DLTS the 
gettering of ingot W137Ti, a crystal doped with 2xl0^^cm~^ Ti? The 
gettering treatments ranged from 1 hour at 9S0*C to 5 hours at 11C0*C. 

Since then we have completed DLTS measurements on wafers from the as>grown 
ingot and solar cells without any gettering. To accomplish the measure- 
ments thirty mil diameter Ti-Au Schottky barrier diodes were fabricated 
on the as-grown material. The recent results are compared with the 
earlier gettering data in Table 10. 

We had established previously that POCtj gettering improved 

solar cell performance primarily by reducing the active Ti concentration 

(near the junction), not by altering the state of the Ti-induced 

recombination center at E„+0.30eV. We find that the active Ti concentration 

* 13 -3 

in the as-grown wafer is ubout 7x10 cm , or nearly a factor of 3 less than 
the metallurgical Ti concentration. In contrast the active Ti concentration 
in the solar cell (near the junction) is only 1.76x10 ^ cm” (Table 10), 
a further reduction of about a factor of 4 in activity. This indicates 
that 825**C POCtj diffusion used for cell fabrication acts is an effective 
gettering step per se for Ti. 

As the gettering intensity is increased from 950®C/1 hr. to 

1100®C/5 hrs (prior to cell fabrication) the active ccaicentration decreases 

12 -3 12 -3 

systematically from 6.35x10 cm to 1.49x10 cm . Again we stress 
the need to recognize that DLTS measures the active impurity concentration 
in the depletion region, i.e. near the junction. If getteriig produces an 
impurity profile in the wafer then the measured N.j. will not represent the 
true active center density throughout the bulk. However, Nj will be 
related to the total number of recombination centers in the entire wafer. 
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TABLE 10 

Variation in cell efficiency and trap ctmcentration (Hj.) as a function 
of gettering treatuent for Ingot 137 (original netallurgical Ti conc«i» 
traticm, 2.0xl0^^c»“*) 


gettering 

CONDITION 

WHtMALlZED CELL EFFICIENCY 
(n/ng)^ (%) 

OOMCBNTRATION (K.) , 

OF Ey+O.SOeV TRAP (cn*^) 

None (starting wafer) 


13 

7.0x10*^ “ 

None (solar cell) 

42.8 

IS 

1.76x10** 

950*C/1 hr. 

46.7 

6.35x10^^ 

1000*C/1 hr. 

51.0 

3.94x10^^ 

1100*C/1 hr. 

52.9 

2.99x10^^ 

1100*C/2 hr. 

55.4 

2730x10^^ 

1100*C/3 hr. 

59.1 

2.39x10^^ 

1100*C/S hr. 

66.2 

1.49x10^^ 
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For this reason we attempted to determine the concentration 
profile of electrically active Ti species in the as>grown wafer and 
also in solar cells subjected to no intentional gettering. The experiment 
was carried out as follows. The unprocessed wafer and the solar cell 
mesa were divided into S pieces. On each piece we etched steps ranging 
in depth from 2 to 10 ym. The step heights were measured with a Taly-step 
instrument (the comer of each fragment, protected by apiezon wax 
remained unetched and served as a reference level) . 

The data. Table Hand Figure 5, show that there is a flat 

Ti concentration profile in the as -grown wafer, with an average concentration 

of 'V' 7x10^^ cm~^. However, in the cell fabricated from a similar as- 

grown wafer there is a steep profile. The Ti concentration near the 

13 -3 

junction is 1.76x10 cm ; from there it increases then levels off to 
13 -3 

a value of 'V' 7x10 cm at a distance of 'v lOym frcm the surface. Thus, 

following diffusion to form a solar cell, the majority of the bulk wafer 
(•V 250 ym) remains relatively unaffected, but the active center density 
within 10 ym of the surface diminishes substantially. About 70% of the 
solar radiation is absorbed in that first 10 ym thick region. Therefore, 
we expect a systematic increase in solar cell performance as the active 
center density (measured by DLTS) decreases, viz Table 10. 

The concentration profile data at present are preliminary. 

Some further experiments are being conducted to substantiate the 
accuracy of the initial profile data. 

3. 2. 2.2 Mo-doped Silicon 

It is clear from Figure 4 that the effect of POCt^ gettering 
on the relative cell efficiency (n/Pg) is small for Mo-doped silicon. 

A more careful look at the data, Table 12, reveals that the normalized 
cell efficiency increased only to 75% from an initial value of 72% even 
after the very intense gettering for 5 hours at 1100®C. This variation 
in the cell performance is small enough to result from process variations 
(the data represent the average efficiencies of 5-10 cells) or some 
inaccuracy in the measurements and data reduction. Therefore, we under- 
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TABLB 7 


Profil* of the active Ti coacentntimi in tiie starting wafer 
and solar cell each containing a netallurgical concentration of 
2.1x10^^ cn** Ti (Ingot W137TI) 


STARTING IIAPER 


DEPTH (tin) 
0 

2.6 

4.8 

8.4 


9.6 


ACTIVE Ti CONCENTRATION 
Kj. (cn-3) 


6.90 X 10^* 

7.0 X 10^* 

7.0 X 10^* 
6.32 X 10*^ 

7.0 X 10^’ 


SOLAR CELL 


0.4 


2.2 


4.4 


6.0 

10.0 


1.76 X 10^* 
3.19 X 10^^ 

6.6 X 10^* 
7.18 X 10^’ 

7.6 X 10^^ 
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Curve 71 7570 -A 



- Distance From Surface (pm ) 


Figure 5 Depth Profile of Active Ti Concentration in an As-grown Wafer 
and Solar Cell Fabricated from a Silicon Ingot Containing a 
Concentration of 2.1x1014 cm~5 of Titanium 
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TABLE 12 

Variation in cell efficiency and trap concentration (N^) as a function 

of gettering treatment for Ingot 139 (original metallurgical Mo 

12 -3 

concentration 4.2x10 cm ). 


GrTTERING 

CCNDITION 

NORMALIZED CELL 
EFFICIENCY (n/Hn) (%) 

B > 

N'x (cm'^) of 
Ey+0.30eV Trap 

None- 

(Starting wafer) 

- 

4.45x10^^ 

None- 

tSolar Cell) 

72.3 

12 

4.4x10 

950*C/1 hr. 

76.4 

12 

4.7x10 ^ 

1000*C/1 hr. 

72.2 

4.5x10^^ 

:ioo*c/i hr. 

75.7 

5.4x10^^ 

liaO“C/2 hr. 

66.7' 

12 

2.2x10^ 

i:00“C/3 hr. 

77.4 

1.35x10^^ 

1100“C/5 hr. 

75.3 

1.0x10^^ 
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took to exwine in detail the gettering of ffo-doped ingot N139Mo by 
deep level transient spectroscopy. 

To perform the analysis the front contact-grids were removed 
from the solar cells. Thirty mil diameter Ti-Au contacts then were 
deposited and mesas etched for the DLTS measurements. The DLTS results 
are listed in the right hand column of Table 12. 

Mo exhibits one peak in the DLTS spectrum; analysis shows that 

the energy of this recosd)ination center is Ey*0.ZeV. The active Mo 

concentration both in the starting material and in the cells without any 

12 -3 

gettering is about 4.5x10 cm This value is nearly the same as the 

metallurgical concentration of Mo in the ingot, Table 12. This strongly 
suggests that all the Mo is electrically active in the as grown ingot 
and that the activity is little affected by the solar cell diffusion 
cycle. 

When the gettering tonperature is increased to llOO^C from 

9S0*C no significant change is produced in the active Mo concentration. 

(The small scatter of the data from 4.5x10 to 5.4x10 cm" could be 

due to a slight variation in the impurity distributior . I'^iilar results 

were found for ingot W138Mo. In that ingot the Mo con^v .t... ion was 
12 -3 

about 1x10 cm and the active Mo concentration in the cell was ''< 

12 

1.5x10 cm.) Iiowever, when the gettering time was extended from 1 

to 5 hours at llOO^C, we found a systematic reduction in active Mo 

concentretion is observed, viz. Table 12. At the most intense gettering 

condition (1100*C/5hr) the electrically-active Mo concentration diminished 
12 -3 

to about 2x10 cm , nearly a factor of 4 reduction from the ungettered 
value. Thus the slight increase in the cell efficiency is a real effect. 
(DLTS data on gettering of Ti at 1100*C for 5 hrs. showed about 2 orders 
of magnitude reduction in active Ti concentration compared to metallurgical 
Ti concentiations in ^he starting ingot) . 

This observation suggests that Mo is much more difficult to 
getter and thus may diffuse more slowly in silicon than does Ti. One 
result of this postulated behavior would be a steeper, narrower impurity 
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profile for Mo than for Ti during gettering. If this were so, it would 
explain why no significant perfomance iaproveaent was detected even 
though the active Mo concentration near the junction was reduced four- 
fold. A series of experinents are being carried out to test this con- 
jecture. 

3.2.3 Detailed Analysis of HCt Iwpurity Gettering 

As In the case of the POCl^ experinents. Section 3.2.2, we have 
carried out a detailed analysis of HCl fettered specimens by DLTS. A 
preliminary analysis of the data. Table 13, shows that HCt gettering in- 
duced no systematic or significant improvements in the performance of 
No-doped solar cells, a result somewhat similar to our experience with the 
POCtj treatment. The DLTS data do show that the Mo concentration (near 
the junction) diminishes by about half after a 1000*C/1 hour treatment. 
Further increasing the gettering intensity had no appreciable effect in 
the trap density. 

An explanation for the rather poor response of Mo to gettering 
treatrents may lie in the way it diffuses in the silicon lattice. If Mo 
diffuses slowly in silicon as we suspect then a very narrow Mo depletion 
profile (« 10 pm) nay be formed during gettering in contrast to the wider 
profile in the Ti-doped material, viz. Figure 5. This being so, the 
reduction in Mo content measured by DLTS would lie very close to the 
junction and affect only a very small portion of the carriers in the wafer. 
The cell performance would show little improvement in this case. 

The main difference between the P0C£j (Table 12) and HCi (Table 13) 
data appears to be the ability of the HCt treatment to reduce the active 
Mo concentration even after the 1000*C processing while temperatures of 
1100*C are required before POCtj produces a measureable reduction in the 
center density. This difference may stem from the fact that the POCtj 
gettering produces a junction which is subsequently etched off before the 
solar cell fabrication is carried out. As much as 12.5 pm of silicon 
may be removed after gettering while only about 0.1 pm of silicon is 

etched away to remove the oxide formed by HCt gettering. Following our 
postulation of the narrow Mo profile, then we might expect that variations 
in the amount of gettered material removed could indue some variability 
into the cell performance data. 
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TABLE 13 

Variation in Tn^ Center Density and Relative Cell Efficiency 
as a IHuiction of HCi Gettering Treatnent for Mo-doped Silicon 
(Ingot W-139-Mo) and Ti -doped Silicon (Ingot W-137-Ti). 


INGOT N139 MO 


Gettering Condition 

Hr(cn“^) 

n/iin(%) 

N<me (cell) 

4.4x10^^ 

72.3 

1000*C/1 hr. 

1.9x10^^ 

63.7 

llOO’C/1 hr. 

1.9x10^^ 

70.0 

1100*C/5 hr. 

2.2x10^^ 

66.0 


INGOT N137 TI 


Gettering Condition 

N^(ciii ^) 

n/ng(%) 

None (cell) 

1.76x10^^ 

42.8 

1000*C/1 hr. 

- 

68.8 

1100*C/1 hr. 

- 

73.1 

1100*C/4 hr. 

• 

68.2 
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For Ti, HCl gettering raist the relative cell efficiency to 

68.8% of baseline after 1 hour at 1000*C coapared with 42.8% for the 

ungettered cell. Table 13. Ne could detect no electrically active Ti 

near the junctions in these cells. POCtj gettering for the saae tine 

and teaperature raised nonwlized cell efficiency to only 51%. An active 

12 -3 

Ti concentration of 3.94x10 ca was aeasured. Section 3.2.2. 

The difference in behavior again aay be ascribed to the etching 
subsequent to the HCi and POCt^ treataents. If a significant aaount of 
the silicon in which the Ti concentration had been reduced was reaoved by 
etching after the POCi^ treatment we aight expect to observe a lower 
cell efficiency coapared to the HCt-gettered cells (again recall that 
about 70% of the solar radiation is absorbed in the first ten or so 
ai crons of the device). 


Ife plan to evaluate these ideas in soae future experiaents. 

3.2.4. Model Analyses of Gettering B^avior in Silicon 

The results of the gettering experiaents described in the 

foregoing sections indicate significant cell performance increases for 

Ti or Fe-doped silicon after gettering and considerably less change for 

Mo-doped material, (^estions arise as to (1) how these results correlate 

1 2 

with previous iqpurity-cell performance data * and (2) how realistic is 
our picture of the gettering as a diffusion dominated process. These 
two topics are considered below. 

3.2.4. 1 Application of Cell Performance Model to Gettered 
Devices 


We assume that gettered samples differ from the ungettered ones 

only in terms of the degree of electrical activity of the impurity. It 

1 2 

is then possible to use the impurity model * to obtain a relationship 
between cell performance and the change in impurity activity. For the 
ungettered device: 


n« 





C- N 
2x x 


( 1 ) 
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where and are constants defined as described in Reference 1 and 
K is the Mtallurgical Inpurity concentration in the silicon. And fw 
the gettered device: 





( 2 ) 


where is the relative change in active inpurity centers. Solving 
(1) and (2) for 



- C, 


- c. 


(3) 


K can be detemined experinentally fron the DLTS trap density neasure- 

ft 

nents or calculated directly fron Eq. (3) using the neasured values of 
and 1^2 obtained fron the solar cells. A conparison of calculated 
and neasured results for Ti and Ho-doped ingots is shown in Table 14. 

The data for the two titaniun doped ingots are well behaved 

but the values for N_ and K. calculated fron the neasured short circuit 

T ft 

currents are larger than those neasured by DLTS. This inplies that the 
total effective titaniun trap density in the solar cells is larger than 
is present in the junction depletion regitm where the deep level neasure- 
nent is nade. This is consistent with the idea that the gettering of 
titaniun is United by its ability to diffuse to the phosphorus-rich surface 
region, and this results in a titanium concentration which is smaller near 
the surface and junction than in the interior of the base region. Further 
experiments like those described in section 3.2.2 to examine this profile 
will permit accurate calculation of the effective trap density and cell 
performance effects produced by the gettering processes. 
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1000 1 .845 .722 4.50 1.016 3.97 .SP3 
1100 1 .858 .757 5.40 1.219 3.41 .'*70 
noo 2 .801 .667 2.20(?) .497 6.28 1.418 
1100 3 .877 .774 1.35 .305 2.69 .607 
1100 5 .864 .753 .900 .205 3.17 ,?16 



The data for ■olybdemn^ Table 14, are less well behaved and 
show considerable scatter. It is apparent however, that ■olybdema is 
not as readily gettered as is titaniim, a point already noted in earlier 
discussions. The data also show the sane general relationship between 
the calculated and measured numbers, i.e the effective trap density in 
the cell is larger than iaqplied by the de^ level concentration 
measur«Mnts. Ne ccmclude, therefore, that the gettering of nolybdenta 
is also diffusion- limited and furthermore, molybdenum either has a much 
smaller diffusion constant than titanium »or {diosphorus is unable to 
complex and deactivate molybdenum as readily as titanim. 

3. 2. 4. 2 Diffusion of Ti during POCl^ Gettering 

The gettering process can be examined mathamtically as a 
diffusion process by assuming that at the phosphorus-rich surface region 
of the wafer the metallic impurity is forced to a fixed concentration. 
Before the gettering process the wafer is assumed to have a uniform 
initial in^xirity concentration throughout its thickness. The one- 
dimensional diffusion equation is given by: 

, n (4) 

" 9x2 

where N(x,t) is the impurity concentration as a function of distance 
from the center of the wafer and the time of the gettering process. D 
is the diffusion constant for the iainirity in silicon. The general 
solution of (4) can be expressed as: 

2 

N(x,t) = (A sino x + B cos ax) exp(-a Dt) (5) 

The boundary conditions, 

N (- |,0) = N (j,0) = Ng (6) 

and N (x, 0) * N^, (7) 
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provide a solution in series fom: 


N(x.t) 


N +^N -N ). £ 
s ir' o s^j=o 2j*l 


cos 


(2j*l)ifX 


exp 


- 

f y 

2 


(2j+l)ir 

Dt 

. 

w 



( 8 ) 


idtere Mf is the sample thickness, and and are the initial and 
surface impurity concentrations. 

While this solution is suitable for fast diffusing Impurities, 
the series converges very slowly for slowly diffusing species or short 
times. In this latter case a mathematically equivalent soluticm may be 
obtained which converges more rapidly. 


N(x,t) = N^-(N^-Np 


_ . C2jM)J -X 

.f (-l)^erfc = 

2/Ot 


1 = 0 




+ £ (-l)'^erfc 

2.1)t 


(9) 


1=0 


Phosphorus gettering of titanium was examined experimentally 

using OLTS measurement on step-etched surfaces to obtain the concentration 

13 3 

profile. These data shown in Figure 5 suggest values for N = 8x10 /cm 
and = 8xl0^^/cm'*. It is assumed the gettering surface, where is 
applicable, is located at the n-p junction. The gettering process for 
this sample consisted of an 850°C, 1 hour phosphorus diffusion. 

Fitting the series solution given in (9) to these data. Figure 
6, implies a diffusivity for titanium, D = 1.27x10”^^ cm^^sec (at 8S0“C) . 
This result is about 3 times larger than the value extrapolated from the 
data of reference 5 which was obtained by Ti in-diffusion at temperatures 
between 1000*’C to 1250°C. Although based on a single experiment the 
agreement is close enough to give the model credibility. Moreover, 
limited data from more intensively gettered samples are also in nominal 
agreement with this result. 
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Curve 717494-A 
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Figure 6 Calculated Ti Diffusion Profile in a Silicon Wafer 
Following Gettering in POCt, at 850“C 





Besides providing a credible aechaniMi for the gettering 
results, the uodel coupled with the iapurity profile data provides an 
interesting uethod for obtaining diffusion constants. 

Some additional conents are warranted with regard to the 
■odel. The titaniuai concentraticm data used for the analysis were the 
electrically active concentraticms observed by the DLTS neasurenents, 
and we have assumed a ccmstant ratio of electrical ly-active center 
density to the metallurgical density; (this assumpticm is supported by 
OLTS data obtained from samples doped with various metallurgical Ti 
concentraticms) . Given a constant ratio of electrically active centers 
the linearity of the diffusirai equation allows us to use either DLTS 
concentrations or metallurgical values and obtain the same result. 

Impurities in a crystal lattice nay occupy a nuid>er of non- 
equivalent positions, for example substitutional or interstitial. Such 
nonequivalent sites should be expected to have distinctly different bond 
relationships with the host lattice and thus correspondingly different 
electrical activities. This mechanism in addition to precipitation or 
aggregation provides a basis for the observed difference between 
electrical activity and impurity concentrations. 

In a similar way,the diffusion of impurities in a crystal is 
subject to site dependencies and, there fore, will display variation as a 
functiixi of which mechanism is dominant. These considerations suggest 
that for scmie impurities we may expect non-linear influences on the 
gettering process due to temperature and complexing behavior. Experiments 
are in progress to examine these phencmiena which may provide a basis for 
describing an optimum gettering procedure. 

3.3 The Synergic Interaction of Cu with Other Transition Elements 

In Reference 1 we showed that the cell performance of silicon 
devices contaminated with Ti or V could be improved somewhat by the addition 
of greater than 10^^ cm~^ Cu as a co-dopant. Since that time we have 
utilized DLTS measurements to investigate this synergic behavior in more 
detail. The initial results can be understood with the aid of the data 
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in Table 15. In the Table are listed the metallurgical impurity concentration 
(N|^), the electrically active impurity concentraticms in the as-grown 
ingot (N^) and cells made therefrom (N^), the ratios Ns/N|^ and and 

finally the normalized cell efficiency for ingots containing Ti, V, or 
Ho and the same impurities plus a Cu addition. 

From the data it is evident that only about one third of the 

total metallurgical titanium added to the ingot is active. Hie additi<ni 
15 -3 

of 2x10 cm of Cu reduces this active fraction in the as-grown material 
to 0.26. (based on the Ey+0.3eV trap). A similar decrease in the active 
Ti ratio (Nc/N|^) in the cell to 0.04 from 0.08 when Cu is added accounts 
for the improvement in relative cell efficiency to 48% of baseline 
compared to 42% when Cu is absent. (The absolute values of impurity 
concentrations may not apply to the bulk wafer due to the concentration 
profile formed during cell diffusion. Section 3.2.2) 

In the case of vanadium only about 0.087 of the metal lurgically- 

added element remains electrically active in the as-grown ingot. When 

15 -3 

Cu is added at a concentration of about 2x10 cm , the active vanadium 
fraction diminishes to 0.073, again illustrating a small but observable 
synergic effect (here the activity refers to the concentration of 
Ey+0.42eV traps). As yet we have no data for the activity ratio of 
vanadium in the cells, information which is necessary to explain the 
rather large improvement in cell efficiency- 38 to 57% of baseline- 
accompanying the Cu additions. 

Nearly all of the Mo added to the ingot is electrically active 
in the as-grown wafers (and in the solar cells as well). Adding Cu to 
the Mo-doped material produces no significant change in the concentration 
of electrically active Mo species or in the cell performance. We conclude 
that unlike Ti or V no synergic reaction between Mo and Cu occurs. 
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3.4 Investigations of Anisotropic Impurity Distributions in Silicon 

Recent effort on this task has primarily been to prepare 

impurity-doped material for subsequent assessment of any deleterious 

effects on cell performance due to non-uniform impurity distribution. 

Two types of crystals have been produced, 7.6cm diameter Czochralski 

ingots, to study impurity behavior in silicon produced by conventional 
3 6 

growth processes'’ and 3 to 4 cm wide silicon webs on which we plan to 
evaluate impurity effects in ribbon-type silicon. 

Previously we showed that Ti and Mn, impurities idiich diminish 
cell performance by reducing bulk lifetime,^ produced no excess 
performance degradation on large diameter wafers that could be ascribed 

3 

to non-unifoim impurity distribution. We 'lave now grown two more 

large diameter Czochralski ingots doped, respectively, with 2.4xlO^^Cu 
14 

and 5.1x10 Fe. Cu degrades cell perfoimance primarily by junction 
mechanisms while Fe affects the junction as well as bulk lifetime. 

Wafers from these two ingots, W-172 and W-173 are now under evaluation, 
and should provide us with data on any contrasts in behavior due to the 
different degradation mechanisms involved. 

We have also prepared silicon web crystals doped with Ti and V 

13 -3 

at target levels of about 1.2 and 1.5x10 cm , respectively. The 
variation in cell per'^ '■.nance and electrical properties across the 
ribbons (whicn are 3 to 4 cm wide) will be examined via miniature 
solar cells and deep level transient spectroscopy. Any variation in the 
properties of the ribbons associated with transverse variations in 
impurity concentration should be evident. 

3.5 The Permanence of Impurity Effects in Silicon Solar Cells 

To determine the stability of cell characteristics under 
long term operating conditions, we are carrying out a series of high 
temperature heat treatments on both contacted and uncontacted wafers. 
Following thermal stressing the wafers are contacted where required and 
the solar cell parameters are determined. By proper modeling of these 
high temperature effects it should be possible to approximate the time 
to failure for the impurity-doped solar cell operating under realistic 
conditions. 
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The experimental procedure has been describe^ earlier , but 
briefly, selected wafers are annealed under differing thermal stresses 
and the cell results compared to baseline wafers treated in the same 
way. 

Most of the data gathered thus far have been measured on ingots 
doped with Ti and Mo: 

W123Ti-008 (IxlO^^Ti/cm^) 

W077MO-001 (4.2xlO^^Mo/cm^) 

14 3 

In addition, initial data on ingot W072Cr005 (2.8x10 Cr/cm ) is given 
in this report. The baseline ingot W097-00-000 has been processed 
concurrently with the impurity-doped material in all tests. 

Our initial studies indicated that the contacted solar cells 
failed after a short period of time at 500”C. Dark I-V data indicated 
junction degradation which we assume is due to the diffusion of the 
contact metals (Ti-Pd-Ag) into the junction. Since the main thrust of 
the investigation now is to evaluate long term effects due to the 
electrical ly-active dopant or metal contaminant in the bulk material, 
all high temperature experiments have been carried out on diffused but 
uncontacted wafers. 

We reported data for aging experiments on Mo and Ti ingots up 
to 800“C in the last report.^ The Ti ingot exhibited essentially no 
change in properties after 100 hrs at 800**C, while the cell performance 
of the Mo ingot dropped to about 0.95 of its unannealed value ;(the base- 
line ingot degraded to 0.8 of its unannealed value after this same 
treatment) . 

Further aging tests have now been carried out on the Mo and Ti 
ingots. In these tests, the wafers were annealed at 900®C for 1, 10, 
and 100 hours, Table 16. As in the 800*C cases, the Ti-doped ingot 
shows little change in efficiency after 100 hrs at 900*'C (4.94%-4.65%) . 
The efficiency of both the Mo and baseline cells decreased by more than 
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TABLE 16 


AGING OF TI AND MO-DOOED SILICON AT 900“C 

W097 Baseline 
W077 Mo 
W123 Ti 



'sc 

Voc 

FF 

n 

■^OCD 

n/Ho 

As Fabricated 

W-097 

21.20 

.554 

.738 

9.16 

4.6 

1.0 

W077 

18.80 

.515 

.703 

7.18 

.9 

1.0 

W123 

13.95 

.485 

.691 

4.94 

.8 

1.0 

1 HR - 900*C 

W097 

20.25 

.546 

.742 

8.67 

2.5 

.95 

W077 

17,90 

.504 

.700 

6.68 

.5 

.93 

W123 

13.80 

.489 

.706 

5.04 

.7 

i.e 

10 HRS 900"C 

W097 

15.40 

.502 

.677 

5.53 

.7 

.60 

W077 

10.30 

.434 

.685 

3.24 

.9 

.4S 

W123 

15.60 

.488 

.690 

4.87 

6 

.99 

100 HRS 900*C 
W097 

9.9 

.446 

.703 

3.25 

.7 

.35 

W077 

9.50 

.418 

.664 

2.79 

,5 

.39 

W123 

13.10 

.483 

.697 

4.65 

.6 

.94 
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one half of their unannealed valiw. The last colum (n/Oo) in Thble 16 
is the ratio of the efficiency after aniMaling to the unannealed value. 

If we define t^ to failure as the tine, at a given tem>era- 
ture,for tdiich the efficiency ^creases to 90% of the unannealed value, 
it is possible to extrapolate the 800*C and the 900*C data to detemine 
the tine dependmce at any lower tenperature. data for this 
calculation are given in Table 17. He estinate that the nua^ers in 
Teble 17 are accurate to ^ 50%. 

Plotting the data in Table 17 in an Arrhenius fom allows us 
to estinate the tine to failure near tiie typical naxinun operating 
te^ierature of a deployed solar array. This extrapolation is illustrated 
in Figure 7 fn** both the baseline and Mo-doped specinens. Clearly, 
extrapolation fron such United data over several orders of nagnitude 
can give nisleading results. However, assuning the worst possible 
error as a first order approxiaati(m,this extrapolation gives a tine to 
failure at 200*C as > 10^ hrs (20 years: 1.75x10^ hours). The precision 
of the extrapolatitm will be inproved as more data are collected. 

14 3 

A Cr-doped ingot (M072Cr005-2.8xlO Cr/cn ) has recently been 
added to the study. In view of the relatively »all effects eidtibited 
by Ti and No at lower annealing teaqperatures the tests <»i the Cr-doped 
naterial were begun at 800*C. Since Cr is a fast diffuser in Si. data 
for 800*C, 600*C, and 500"C should suffice to derive a tine to failure. 

In Table 18 are listed the 800*C annealing data for the Cr- 
doped ingot; baseline data are included for conparison. With the sane 
definition for tine to failure noted above the Cr ingot falls to 90% of 
its initial value in 2 hours at 800*C. These experinents will contimie 
in succeeding nonths. 

3.6 The Effect of Constructiwi Material Contaminants on p-base Solar Cell 

We showed in Reference 1 that, for the majority of inpurities, 
the mechanism of perfomance reduction in silicoi'. solar cells was the 
inpaiment of bulk lifetine by the fomation of carrier recombination 
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TABLE 17 


TIME TO FAILURE (901 OF UNANNEALED PERFORMANCE) 
FOR BASELINE AND METAL-DOPED INGOTS 


800*C 


INGOT 

ms TO FAILURE (♦ S0%) 

W097 BASE 

50 

W077 Mo 

100 

W125 Ti 

300 

900*C 

N097 BASE 

1.5 

N077 Mo 

1.5 

N123 Ti 

300 


HRS TO FAILURE = Time at given temperature at 

which cell efficiency decreases 
to 90% of unannealed value 
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Time To Failure (hrs) 


Curve 717069A 



Figure 7 Time to Failure (90% of unnnealed cell performance) 
for Baseline and Mo-doped Silicon 
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TABLE 18 

AGING OF Cr-DOPEO SILICON AT 800*C 


N072CR005 

N09700000 



'sc 

V 

oc 

FF 

n 

^OCD 

n/Ho 

As Fabricated 

W097 

22.20 

.577 

.727 

9.85 

5.0 

1.0 

N072 Cr 

20.43 

.542 

.746 

8.73 

2.3 

1.0 

1 HR f 800*C 

N097 

22.00 

.551 

.739 

9.40 

5.0 

.95 

N072 Cr 

20.04 

.534 

.731 

8.23 

1.6 

.94 

10 HR 8 800*C 

N097 

21.35 

.545 

.744 

9.20 

6.5 

.92 

N072 Cr 

18.55 

.521 

.713 

7.29 

.9 

.84 

100 HRS § 800*C 

N097 

18.80 

.553 

.743 

7.85 

3.0 

.82 

N072 Cr 

13.93 

.476 

.679 

4.76 

.9 

.55 
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centers. This result led us to foraulnte an inpurity-p e r f orn a nce nodel 
"elating cell efficiency to the anounts of single, or Multiple Metal 
species present in the silicon The original data, based priMarily on 
iMpurities present in the raw Materials froM %ihich poly •crystalline 
silicon is Made, has now been augnented with infomation on contaninants 
likely to be intzxxhiced during subsequent processing of the silicon. 
These iMpurities include W, Ta, No, Nb and Co, coHumly eMployed as 
refractory conponents in high tenperature process equipnent such as 
crystal growth ftimaces. 

Figure 8 depicts the variation in cell perforaance with 

ispurity concentration for the refractory Metals as well as for ia- 

1 2 

purities previously studied. ’ The curves are derived fitting the 
iapurity effects node! to the cell perforaance and iiqjurity concen- 
tration data. For Mo and Ta, theoirves have been revised froa earlier 
results to reflect an increase in the nurt>er of ingots studied and 
iiq>rovenents in the segregation coefficient data (see section 3.1.1). 

The projected curves for N, Nb, and Co are based on at Most three 
data points and aust be considered preliainary at this tine. 

One reaarkable aspect of the relationships plotted in Figure 
8 is the general regularity of inpurity behavior with position in the 
Periodic Table. Elenents located to the ri^t in the transition netal 
row, Cu and Ni, have the least impact on performance. As one Moves to 
the left the severity of perfomance degradation increases being modest 
for Co, Fe, Mn and Cr and severe for Ti and V. Within a column of the 
Table performance degradation increases with atonic nuniber; for example, 
Ta is worse than Nb which is in turn worse than V . Since the impurity 
segregation coefficients for crystal growth (Table 1) generally are 
smallest for the most harmful impurities, nature has, in a sense, 
mitigated the situation. 

3.7 Degradation of N-base Solar Cells by Impurities 
3.7.1 Single Impurity Behavior 
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Figure 8 Model -derived Impurity-Performance Curves for Single Metal Contaminants 
in p-type Silicon. The Curves for Mo, Ta, Kf, and Co are Calculated From 
Recent Cell Efficiency and Impurity Concentraticm Data; Relationships 
for the Other Impurities are from Reference 1. 



We have augaented the previous results on n-type silicon with 
inforaation from second and third generation ingots (W147 to 150 and 
W153 to 156) doped with Ni, Mi, Fe, V, Ti, Cr and Mo as well as the 
first nultiply>doped n-type ingots (N157 to 159 and W177 and 178) . The 
revised impurity>performance curves. Figure 9, for single impurities 
confirm the general conclusions developed earlier.^ 

As for p-base devices, the observed cell performance degrada- 
tion can be modeled on the basis of a reduction in bulk lifetime due to 
the formation of recon^ination centers by the contaminants. The data 
for Ni-connected by a dashed line in the figure — are the most notable 
exception. These points cannot be fitted to our model since junction de- 
gradatim mechanisms, rather than lifetime reduction, are the dominant 
mode for the decrease in cell efficiency. 

We pointed out before that for many impurities device per- 
formance seated to be less effected in the n-base cells than in compar- 
able p-base cells. ^ This behavior can be visualized with the aid of 
Figure 10. In the figure we plot the threshold impurity concentrations 
(N^j^) for idiich cell performance reduction initiates in each of the two 
types of devices. Points falling on the 45® line in the graph are for 
impurities behaving identically in n and p-b.-se cells, points above the 
line indicate impurities which produce less degradation in n than in 
p-base cells. The majority fall in the latter category, Cr ard Fe being 
in the former. Only Cu and Ni (not illustrated) degrade the n-devices 
more severely, apparently by junction mechanisms. 

3.7.2 Effects Due to Multiple Contaminants 

By means of the model coefficients used to derive the curves 
in Figure 9, we can also project the expected performance of solar cells 
doped with multiple contaminants.^ Table 19 lists the impurity concen- 
trations in the multiply-doped n-base ingots we have studied so far. A 
comparison of the projected and. measured cell performance data for the 
ingots is given in Table 20. Generally, the data show fair agreement 
between the expected and observed values. 
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Figure 10 Comparison of Impurity Behavior in N and P-Base Solar Cells 
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TABLE 19 

IMPURITY CONCENTRATIGN OF MULTIPLY-DOPED N-BASE INGOTS 


lapurity Concentntion (ca ) 


Ingot 

Ti 

V 

Cr 

Mn 

W157 

8x10^^ 

1.2x10^^ 

• 


N158 

c 

5x10 

5x10^5 

5.5x10^^ 

- 

W159 

2x10^^ 

2x10^^ 

3.5x10^^ 

3.2x10^^ 

N176 

- 

- 

1.2x10^^ 

1,26x10^® 

N178 

8x10^^ 

- 

• 

8.6x10^^ 
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TABLE 20 

COMPARISON OF MEASURED AND CALCULATED CELL PERFOHMANCE 
FOR MULTIPLY-DOPED N-BASE INGOTS 



Measured 

Isc/IscoxlOO 

Calculated* 

n/rioXlOO 

Measured Calculated 

lS7-Ti/V 

82,5+ 1.9 

86.0+8.4 

77.1+5.0 

81.0+11.0 

158-Cr/Ti/V 

88.1+1.4 

84.9+9.1 

80.4+5.6 

79.2+11.8 

159-Cr/Mn/Ti/V 

88.3+1.3 

90.2+6.4 

74.6+12.7 

85.9+8.8 

177-Cr/Mn 

84.7+5.0 

81.4+10.7 

78.6+7.4 

75+13.4 

178-Mn/Ti 

No cell data available 




* 

See section 4.3 and 4.4 of Reference 1. 
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4. CONCLUSIONS 


The segregation coefficients of fi, Ta, and Co determined from 

neutron activation analysis data are very small for Czochralski silicon 

crystal growth: » 1.7x10”®, k^^ ■ 2.1x10”® and k^^ « l.OxlO”®. The 

values are consistent with those for other nearby elements in the 

-8 

Periodic 1-^ble, e.g.kj^ = 4.5x10 is very close to the values for Ta 
and N while kj^^^ ■ 3.2x10”® is similar to the Co value. 

The gettering of Ti, Mo and Pe by high temperature POCt^ and 
HCt treatments is a diffusion -control led process in which the impurities 
move outward from the bulk wafer to the phosphorus- (or chloride) rich 
surface of the material. Deep level spectroscopic measurements of the 
Ti recombination center density in POCi^-gettered wafers show a concen- 
tration gradient in which the trap density is lowest near the surface 
then recovers to the (pre-diffusion) bulk value within 10 to 12vm into 
the wafer. The concentratim profile can be fit by a mathematical 

ftinctim assuming Ti out -diffusion; the value of the Ti diffusion constant 

-11 2 

calculated this way is about 1.27x10 cm /sec, a magnitude consistent 
with published diffusion data. Mo, in contrast to Ti, appears to diffuse 
much more slowly in silicon so that gettering treatments are less 
effective for improving cell efficiency in this case. 

We have derived imjxirity-performance curves for Mo, Ta, W, 

Nb, and Co on the basis of the most recent impurity and cell data, while 
the computations are somewhat preliminary, the data confirm trends 
observed earlier for other impurities: (1) elements farthest to the right 
in a row of the periodic table have less impact on cell performance than 
those to the left, e.g. Cu is relatively benign while Ti severely degrades 
performance: (2) within a column of the periodic table performance de- 
gradation increases from upper to lower position, e.g. V is less-harmful 
than Nb which is in turn less harmful than Ta; (3) elements which degrade 



cell perfonunce more have smaller segregation coefficients for crystal 
growth. Of the elements we have studied Ta has the lowest threr'o.i for 
the onset of cell performance degradation, and one of the smallest k^££ 
values. 

Impurity-perfoimance curves for n>base cells, updated with 
second and third generation ingot data, illustrate that most impurities 
are less harmful to n than p-base cells. For example. Mo, hfei, Al, Ti, 
and V fall in this catagory. Pe and Cr behave about the same in both 
kinds of cells while Cu and Ni produce slightly greater degradation (by 
junction mechanisms) in the n than in the p-base devices. 
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5. PROGRAM STATUS 

The program is on schedule as indicated by the current mile- 
stone chart. Figure 11. 

5.1 Present Status 

During the past report period we: 

t prepared sixteen Czochralski ingots doped Mth various 

metal contaminants for subsequent chemical, microstructural, 
electrical and solar cell evaluation. 

• completed the mass spectroscopic analysis of all ingots 
grown as well as sensitive neutron activa^.ion analysis 
of selected ingots. 

• made the first reported measurements of the segregation 
coefficients of tungsten and tantalum in silicon. 

• completed HCt gettering experiments on Fe, Mo, and Ti-doped 
silicon. 

• extended POC£^ gettering temperature range to 1200*C. 

f pei formed a detailed assessment by deep level spectroscopy 
of Ti and Mo gettering by POCtj and HCA. 

$ mapped the profile of Ti impurity distribution following 
POCtj gettering. 

$ extended ag.ng studies of impurity effects in silicon to 
900*C. 

• prepared silicon webs doped with Ti and V for anisotropy 
investigations. 

• modeled the behavior of construction material impurities 
and metal impurities in n-base silicon. 
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PROGRAM PLAN (SCHEDULE) 
( PHAS E I II) 
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5.2 Future Activity 

During the next quarter the najority of the experia«ital wort 
on construction naterials, anisotropy effects, n-base iaqxirity effects 
and gettering of Ti, and Fe will be completed. 


64 



6. REFERENCES 

1. R. H. Hopkins, et al., 11th Quarterly Report and Sunnary, Silicon 
Materials Task (Part 2) DOE/JPL 954331-78/3, July (1978) . 

2. R. H. Hopkins, et al., Sth Quarterly Report and Suamry,' Silicon 
Materials Task (Part 2) DOE/JPL 9S4331-77/1, January (1977). 

3. R. H. Hopkins, et al, 14th Quarterly Report, Silicon Materials 
Task (Part 2) DOE/JPL-954331-79/2 April (1979). 

4. R. H. Hopkins, et al., 3rd Quarterly Report, Silicon Materials 
Task (Part 2) DOE/JPL 954331-76/3, July (1976). 

5. V. P. Boldrev et al, Sov. Phys. Senicond., Vll No. 6 (1977). 

6. C. S. Duncan, et aL, Annual Report, Silicon Web Process Developnent, 
DOE/JPL- 954654-79/2, April (1979). 


65 



7. ACKNONLEOGBIENTS 

We would like to thank the following individuals whose 
contributions have been iaportant to the success of this prograa: 

D. N. Schaidt (ceil processing and testing), B. F. Westwood (process 
experiaents and photolithography, A. N. Stewart (aaterial characterization 
and web growth), H. F. Abt (oietallizaticHt) , C. F. Seiler (device aeasure- 
aents), S. Karako (DLTS aeasumsent^, T. Zigarovich (aask preparation), 

D. Labor (nanuscript preparation), and S. Faxukhi (aanuscript editing). 


66 



8. APPENDIX 
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Appendix 1. In{oc Inpurlty Concentration 


Ingot 

Identification 

Target 

Concentration 
XIO^^ at<MRs/cBi^ 

Calculated 
Concentration 
Xio'* atoos/cn^ 

Masa Spec. 
AMlyslt 
XIO'* atona/cn* 

W-I29-00-000 (7.6 c«.) 

HA 

NA 

NA 

W * n 0 < 00-000 (7.6 CO.) 

HA 

NA 

NA 

U-13i-Mn-008 (7.6 cn.) 

0.6 

0.55 

0.55 

W-132-Ta-003 

0.0002 

0.0009 

<0.5 

U-133-00-000 

NA 

NA 

NA 

W-134-T1-009 

0.05 

0.03 

<0.25 

W-135-re-005 

1.0 

0.78 

<1.5 

W-136-Pe-006 

0.3 

0.24 

<1.5 

U-n7-Tl-010 

0.21 

0.21 

<(k25 

U-138-Mo>005 

0.001 

0.0(N>8 

<0.5 

W-139-MO-006 

0.0042 

0.0054 

<0.5 

W-140-T1-011 (7.6 cm.) 

0.18 

0.18 

<0.25 

W-l41-Ho/Cu-00l 

0.004/4.42 

0.003/3.68 

<0.5/4.00 

U>142-00>000 

NA 

NA 

NA 

W?143-Tl-002 

0.20 

0.17 

<0.25 

W-144-Ho-OOl 

0.0042 

0.0044 

<0.5 

W-145-W-001 

0.001 

0.00085 

<0.15 

W-146-Co-OOl 

0.55 

0.39 

0.55 

W-147-N/Ni-002 

0.4 

0.33 

<1.5 

W-148-N/Mn-002 

0.60 

' 0.76 

0.55 

W-149-N/Fe-003 

0.60 

0.58 

<1.5 

W-150-N/V-003 

0.03 

0.03 

<0.15 

W**-151-00-000 

NA 

NA 

NA 

W**-152-T3-001 

0.2 

0.22 

<0.25 

W-153-N/Ti-003 

0.01 

0.017 

<0.25 

W-154-N/Cr-003 

0.55 

0.71 

0.35 

W-155-N/Mo-OOl 

0.001 

0.001 

<0.50 

W-156-N/MO-002 

0.004 

0.003 

<0.50 
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Appendix 1. Ingot Inpurity Concentration (cont.) 



Target 

Calculated 

Mass Spec. 

If^t 

Concentrat ion 

Concentration 

Analysis 

Identification 

XIO* ^atons/ca^ 

XIO^ ^atoas/cn^ 

XIO^ SatoBs/ca ^ 

U-157-M/Ti/V-OOl 

Ti: 0.10 

0.08 

<0.25 


V: 0.10 

0.12 

<0.15 

U-158-H/Ti/V/Cr-OOl 

Ti: 0.05 

0.05 

<0.25 


V: 0.05 

0.05 

<0.15. 


Cr: 0.60 

0.55 

0.33 

W-159-H/Cr/Mn/Ti/V-OOl 

Cr: 0.4 

0.35 

0.20 


Hn: 0.4 

0.32 

0.25 


Ti: 0.02 

0.02 

<0.25 


V: 0.02 

0.02 

<0.15 

U-160-T1-001 

0.2 

0.17 

<0.25 

W-161-Ti-0«2 

0.02 

0.03 

<0.25 

W-162-Ni/Ti-OOl 

Ni: 1.0 

1.21 

<1.5 


Ti: 0.2 

0.16 

<0.25 

W-163-Ni/V-OOl 

Ni: 1.0 

1.01 

<1.5 


V: 0.4 

0.44 

0.15 

W-164-Ni/Mo-OOl 

Ni: 1.0 

1.23 

<1.5 


Mo: 0.004 

0.004 

<0.5 

W-165-CO-002 

Co: 0.11 

0.11 

<0.55 

W-166-Fe-007 

Fe: 0.9 

• 1.06 

<1.5 

W-167-Nb-OOl 

Nb: Max 

Processing 

<0.15 

W-l68-Ph-002 

31 

NA 

d05)‘*’ 

W*169-Ph-004 

40 

NA 


W-170-Ph-00S 

56 

NA 

(150)'^ 

W-171-W-002 

0.002 

Incomplete 

<0.15 

W-172- Cu-006 (7.6 cm) 

10 

32 

24 
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Appendix 1. Ingot Impurity Concentration (Cent.) 


Ingot 

Identification x 

Target 

Concentration 
10^^ atoms/cm' 

W-173-Fe-008 (7.6 ca) 

0.64 

W-174-Ta-004 

0.004 

W-175-W-003 

0.0003 

W-176-00-000 

NA 

W-177-N/Cr/Mn-OOl 

Crrl.O 

Mn:1.3 

W-178-N/Mn/Ti-OOl 

Mn:1.0 

Ti;0.1 

W* ** 179-Ph-006 

21 

w4i80-T1-001 

0.2 

W-181-Cr-006 

1.0 

W-182-Cr-007 

0.25 

W-183-Nb-002 

20Z Max. 

W-184-Pd-OOl 

Max . Cone . 

W-185-Cu/Tl-004 

Cu:1.7 

TI:0.2 

W-186-CO-003 

0.01 

W-187-CO-004 

0.05 


Calculated 

Mass Spec. 

Concentration 

15 3 

10 atems/co 

Analysis 
X 10^^ atoffls/cm 

0.51 

<1.5 

0.0044 

<0.50 

0.0003 

<0.15 

NA 

NA 

1.20 

1.0 

1.26 

2.7 

0.86 

2.8 

0.08 

<0.25 

NA 

(73)'^ 

0.13 

<0.25 

1.04 

1.0 

0.37 

0.65 

Processing 

<0.15 

Processing 

Processing 

Processing 

Processing 

Processing 

Processing 

Processing 

Processing 

Processing 

Processing 


* Low resistivity p-type ingot (_< 1 fi-cm) . 

** 30 fl-cm p-type ingot# 

+ Value based on resistivity measurement. 
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